We have successfully investigated degradation-induced variations in electronic band-gap states in fabricated organic light-emitting diodes (OLEDs) based on tris(8-hydroxyquinoline) aluminum (Alq3) by using a deep-level optical spectroscopy technique. The degraded OLED samples show a significant red-shift of deep-level traps and near-band-edge transitions in the emissive region of Alq3 towards their corresponding bulk levels of an Alq3 single layer. These variations in the interfacial electronic states are probably induced by the intrinsic degradation and indicate that initial molecular structures characteristic of the Alq3 emissive zone are transformed into the bulk-like relaxed ones through the degradation.
INTRODUCTION
Organic light-emitting diodes (OLEDs) have attracted a great deal of attention because they can be used in full-color flat-panel displays. 1) For practical applications, device stability issues continue to be of utmost concern.
In general, degradation in OLEDs is classified into two distinct phenomena; the first is related to the formation of nonemissive regions (dark spots) and is associated primarily with degradation at the cathode, 2, 3) whereas the second one is intrinsic degradation corresponding to a gradual decrease in electroluminescence (EL) efficiency of the devices during continuous operation. 2, 4) As for OLEDs based on tris(8-hydroxyquinoline) aluminum (Alq 3 ), the most widely used organic small-molecular EL material, a number of research approaches have been employed to clarify the degradation phenomena. [5] [6] [7] [8] [9] [10] Although several mechanisms regarding the formation of the dark spots have been identified and controlled, 2, 3) the dominant cause of the intrinsic degradation has remained much less understood. At present, the intrinsic degradation is strongly supported to be due to the formation of cationic Alq 3 species acting as luminescence quenchers at/near the emissive interface. 4) Among them, Kondakov et al. have reported on the formation of nonradiative recombination centers in the Alq 3 emissive zone from a viewpoint of electronic states, by using a voltammetric technique. 7, 9) So far, electronic traps in Alq 3 single layers and its based OLEDs have been directly studied by various characterization techniques, [11] [12] [13] [14] but their electronic information is limited to energetically shallow levels, and deep-level traps located in mid-gap states still remain uncertain. In particular, in-depth data concerning deep-level traps in the emissive zone of Alq 3 -based OLEDs have yet to be clarified experimentally. Notably, few investigations of the deep levels, particularly before and after the intrinsic degradation of the OLEDs, have been reported.
Deep-level optical spectroscopy (DLOS) is a well-known powerful technique for the characterization of electronic deep levels in the band gap of inorganic semiconductors. 15, 16) 2. EXPERIMENTAL Various electrical characterizations were performed at room temperature for the OLED samples before and after the degradation. Here, the fresh OLED was compared to the degraded one after continuous operation time of 2x10 5 min. DLOS measurements were conducted at 1 kHz, measuring photocapacitance transients as a function of incident photon energy, from 0.78 eV (1600 nm) up to 4.0 eV (300 nm). 19) The fabricated OLED samples were illuminated from the back side with monochromatic light from a 250 W halogen lamp, as shown in Fig.1 . The photocapacitance transients were recorded for 300 s after the onset of illumination. The samples were maintained under zero and/or forward biased conditions, where the measured voltage was suitably chosen. Prior to optical excitation, the deep levels were filled with carriers in the dark by applying a little more increased forward voltage with a pulse width of 1 ms, followed by a 5 s delay in order to reduce any possible thermal transient contributions to the photocapacitance. In this study, the DLOS signal is defined as Css/C 0 . Here, C 0 is the device capacitance under the measured bias conditions in the dark, before the optical excitation, and Css is the steady-state photocapacitance which is determined as a saturation value of the recorded photocapacitance transients at each wavelength.
Yoshitaka Nakano -- 
RESULTS AND DISCUSSION

Intrinsic Degradation in Alq 3 -Based OLEDs Probed by Deep-Level Optical Spectroscopy
--hole injection into the -NPD layer from the ITO electrode, and the second large one is identical with the onset voltage of EL due to injections of electrons and holes into the Alq 3 emissive region of the OLED. 19) So, the onset voltage of the hole injection is largely shifted from~0 to +1.7 V through the degradation. Simultaneously, the onset voltage shift of the electron injection from +1.7 to +3.1 V is caused by the degradation. Therefore, the intrinsic degradation makes both carrier injections into the Alq 3 emissive zone much worse, which is in reasonable agreement with the significant increase in the driving voltage observed in the region (ii) of Fig.2 . Figure 4 shows typical DLOS spectra at 1 kHz of the Alq 3 /-NPD-based OLED before and after the degradation, together with the reference data of an Alq 3 single layer. Here, the measured and filling pulsed voltages were set at 0 and +2.0V for the fresh OLED and at +2.0 and +3.0V for the degraded OLED, respectively.
As stated above, hole injection is a dominant process under these filling pulse voltages. These spectra obtained represent electronic band-gap states of the Alq 3 emissive zone of the Alq 3 /-NPD-based OLED. 19 ) Some significant variations in band gap states can be seen in the emissive region through the degradation. First, near-band-edge transitions (NBE, labeled as E1) reflecting effective band gap of the Alq 3 emissive zone is largely red-shifted from~3.2 to~2.9 eV through the degradation. Second, emissive interface trap I is also red-shifted from~1.77 to~1.39 eV below the conduction band through the degradation. Third, band-to-band transitions of photo-excited carriers from the valence band of -NPD to the conduction band of Alq 3 , T1 and T2 levels, become unclear through the degradation. These variations in the electronic band-gap states of the Alq 3 emissive zone are definitely induced by the degradation, which phenomena is likely related to the formation of unstable cationic Alq 3 species as previously reported by Aziz et al. 4, 5) More interestingly, the DLOS spectra of the degraded OLED is seen to be similar to that of the Alq 3 single layer. 17, 18) That is, both the E1 band and the I level turn out to be red-shifted significantly towards their corresponding bulk levels of the Alq 3 single layer through the degradation.
In our previous study, the E1 band of the Alq 3 emissive zone of the fresh Alq 3 /-NPD-based OLED has been reported to become larger than that of the Alq 3 single layer. 19) So, the Alq 3 emissive zone of the fresh OLED is likely to have molecular structures characteristic of the emissive interface between the -NPD and Alq 3 layers, being different from those of the Alq 3 single layer. These distinguishing characteristics observed may be due to dipole moment ordering in the Alq 3 emissive zone as recently reported by Noguchi et al. 20) Conversely, initial molecular structures characteristic of the Alq 3 emissive zone are considered to be transformed into bulk-like ones through the degradation as shown in Fig.5 . 6, 21) Additionally, bearing in mind that the intensity ratio of the I level to the E1 band for the degraded OLED is much smaller than that for the fresh OLED, the Alq 3 emissive zone must be structurally relaxed through the degradation. Furthermore, from the experimental results concerning the variation in the T1 and T2 levels before and after the degradation, the -NPD layer is supported to be damaged at To date, some researchers have already reported that the degradation of the Alq 3 -based OLEDs is related to the formation of deep-level traps. 5, 7, 9) In our study, the emissive interface trap I is inherently present even in the fresh condition before the degradation. 19) As shown in the DLOS spectra of the fresh OLED in Fig.4 , as the monochromatic illumination energy is increased above the threshold energy of 1.35 eV up to 1.77 eV, the steady-state photocapacitance decreases correspondingly, indicating that the hole transition from the I level to the valence band of the Alq 3 emissive zone is a dominant process. Sequentially, the positive photocapacitance transients observed at photon energies above 1.77 eV are due to the electron transition from the I level to the conduction band of the Alq 3 emissive zone. This strong interaction with both bands implies that the I level is potentially an efficient recombination center that interplays strongly between the conduction and valence bands.
So, the I level may be associated with the nonradiative recombination centers in the degraded OLEDs as previously reported by Kondakov et al. 7, 9) The I level in the fresh condition is likely to remove carriers via 
-NPD
